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ABSTRACT
The work presented here directly measures the chemical state and elemental distributions

of metal impurities in polycrystalline silicon used for terrestrial-based solar cells.  The goal of
this project was to determine if a correlation exists between poorly performing regions of solar
cells and metal impurity distributions as well as to ascertain the chemical state of the impurities.
Synchrotron-based x-ray fluorescence mapping and x-ray absorption spectroscopy, both with a
spatial resolution of 1µm2, were used to measure impurity distributions and chemical state,
respectively, in poorly performing regions of polycrystalline silicon.  The Light Beam Induced
Current method was used to measure minority carrier recombination in the material in order to
identify poor performance regions.  We have detected iron, chromium and nickel impurity
precipitates and we have recognized a direct correlation between impurity distributions and poor
performing regions in both as-grown and fully processed material.  Furthermore, we have results,
which indicate that the Fe in the polysilicon material is in oxide form, not a silicide form.  These
results provide a fundamental understanding into the efficiency-limiting factors of polycrystalline
silicon solar cells as well as yielding insight for methods of solar cell improvement.

INTRODUCTION
Polycrystalline silicon can be used to fabricate solar cells with a moderate solar

conversion efficiency and low fabrication costs.  Although these cells are presently manufactured
for terrestrial-based applications, an improvement in the efficiency of these cells would greatly
increase their commercial viability.  Presently, polycrystalline solar cells have efficiencies of 13-
15% as compared to more expensive, single crystalline solar cells with efficiencies of 17-20%
[1].  The primary cause for lowered efficiencies is localized regions of high minority carrier
recombination, which possess high concentrations of dislocations [2-4].  However, it is known
that minority carrier recombination at “clean” dislocations is relatively weak but greatly
increases by decoration or precipitation of transition metal impurities [5-8]. This suggests the
dislocations in high recombination regions of polycrystalline silicon are decorated with transition
metals.  Past work, [9], has provided indirect evidence that metal impurities are precipitated in
regions of high carrier recombination while other work, [10], has revealed metal impurity
agglomerations at dislocations in polycrystalline silicon.  However, no direct evidence has been
provided to relate high minority carrier recombination with transition metals in this material.  In
fact, carbon or oxygen may play an important role since these impurities are found in high
concentrations in most polycrystalline silicon materials, ≈1018 atoms/cm3.

The first direct evidence of a relationship between metal impurities and poor performance
is provided in this work and has recently been published [11].  In this work, we have performed
mapping of metal impurity distributions using the x-ray fluorescence microprobe, beamline



10.3.1 at the Advanced Light Source (ALS), with which we have obtained a direct correlation
between metal impurities, such as Fe, Cr and Ni, and poor performance regions of the material.
Additionally, we have results on the chemical state of Fe in this material, specifically the Fe is in
the form of an oxide, not a silicide.  These results have serious implications in regards to
strategies for material improvement.

EXPERIMENT
Boron doped polycrystalline silicon grown by an electromagnetic casting method [12]

was used in this study.  In order to locate poor performance regions, minority carrier
recombination was mapped across the as-grown material with the Light Beam Induced Current
(LBIC) method, using 880nm wavelength light. The frontside of the samples were analyzed
using synchrotron-based x-ray fluorescence (XRF) mapping in order to determine metal impurity
content and distribution. The XRF equipment is located at the microprobe beamline, 10.3.1, in
the ALS.  It uses 12.5keV monochromatic radiation to excite elements in the sample with a
spatial resolution of 1µm2 and a Si-Li detector to measure fluorescence x-rays from the sample,
all in atmospheric conditions.    The XRF microprobe sensitivity is impurity and matrix specific
but, for example, the system can detect a single Fe or Cu precipitate/agglomerate in silicon
greater than 10-20nm in radius. The sampling depth for 3d transition metal impurities in silicon
is approximately 50µm.  It should be noted that the sensitivity of the microprobe drops
considerably for elements with an atomic number < 16. X-ray absorption studies were carried out
at beamline 10.3.2 in the ALS.  A four crystal Si monochromator produces a tunable
monochromatic x-ray beam, which is focussed to a 1µm2 spot with a pair of grazing incidence
mirrors.  A Si-Li detector was used to detect fluorescence x-rays and quantify absorption for
specific elements.  Detail of the absorption apparatus is given in [13].

RESULTS AND DISCUSSION
LBIC mapping of minority carrier

recombination across the polycrystalline
silicon sample revealed localized regions
of high carrier recombination.  A typical
LBIC map in a portion of the cast
polysilicon is shown in Figure 1 where
dark regions indicate areas of high carrier
recombination.  Note the regions of high
recombination located approximately in
the center of the LBIC scan area.

X-ray Fluorescence (XRF)
spectra were taken at 1µm2 points in
the region of Figure 1 as denoted by
the black box.  No impurity-generated
x-ray fluorescent radiation was
detected in regions of low minority carrier recombination.  However, x-ray fluorescent radiation
associated with Cr, Fe and Ni was detected in regions of high carrier recombination.
Concentrations of impurities at each 1µm2 spot were calculated by data analysis of the collected
spectra and comparison to standard samples with known concentrations of impurities.  Impurity
maps were produced in the region denoted by the black box in Figure 1.  Figure 2 is an impurity
map of Fe in this region.  Maps of Ni and Cr revealed the exact same distribution as the Fe,
indicating a preferred precipitation site exists for these impurities.  By comparison of Figures 1
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Figure 1: Light Beam Induced Current map of carrier
recombination across a portion of multicrystalline silicon.
Dark regions indicate high carrier recombination.  The black
box denotes the area analyzed with x-ray fluorescence.



and 2, one can clearly see a
correlation between metal
impurity distributions and
minority carrier
recombination. These results
indicate metal impurities are
the cause for high carrier
recombination regions in
polycrystalline silicon and,
therefore, play a significant
role in the performance of
the material as a solar cell.

At each high
impurity content region of
Figure 2, a single precipitate
or a number of precipitates
may reside in each 1µm2 spot.  If only one precipitate is assumed present, the diameter can be
calculated from the measured impurity concentrations and assuming the precipitate is located at
or near the surface.  For instance, the measured concentration of 5x1016 atoms/cm2 for Fe shown
in Figure 2 would suggest one precipitate with a diameter of 288nm is present in that area.
However, considering earlier work [10,14], the impurities in Figure 2 are more likely a fine
dispersion of smaller impurity precipitates.

We have also performed x-ray absorption studies on this polysilicon material.  Spectra
were taken with a 1µm2 spot on regions of high Fe content.  A summation of spectral scans at the
Fe K absorption edge was taken in the Fe-
rich region of Figure 2, as shown in Figure
3.  Additionally, for purpose of
comparison, we also provide the summed
spectrum of a standard sample of an
elemental Fe film and a α-Fe2O3 powder.
The elemental Fe standard has a body
centered cubic crystal symmetry while the
α-Fe2O3 standard has a hexagonal crystal
symmetry with the Fe in a +3 charge-state.
The spectra shapes of the Fe in polysilicon
and Fe in α-Fe2O3 are closely matched,
especially in the near edge region,
indicating the Fe in polysilicon has a
similar symmetry as α-Fe2O3.  Both of
these absorption spectra are significantly
different than the Fe film standard.
Considering iron silicide is in either a
cubic, tetragonal or orthorhombic crystal symmetry while α-Fe2O3 possesses a hexagonal crystal
symmetry, the absorption spectra of iron silicides would be significantly different than the
spectra obtained for Fe in polysilicon.  Therefore, our results indicate the Fe in the polysilicon is
not in an iron silicide state but rather in an oxide state.  Further work is planned to produce iron
silicide standards (FeSi and FeSi2) for direct comparison of x-ray absorption spectra.

Figure 2: Fe distribution in polycrystalline silicon.  The mapped area
directly corresponds to the area in the black box of Figure 1.  Note the
correlation between metal impurity distributions and carrier
recombination.
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Figure 3: X-ray absorption spectroscopy of Fe in
polysilicon, Fe in Fe2O3 and elemental Fe.  Note the
similarity between the Fe in polysilicon and Fe in Fe2O3.



The chemical state of metals in polysilicon drastically alters the removal of impurities
from the material and, in turn, improvements in performance.  For example, the binding energy
of a Fe atom to a Fe oxide phase is drastically higher than a Fe iron to a Fe silicide phase, [15].
This constitutes a lower concentration of dissolved Fe impurities in the presence of a Fe oxide
particle as compared to a Fe silicide particle during an annealing treatment.  This lower
concentration would decrease the flux of impurities out of the material during impurity removal
and severely hinder material improvement.  For instance, a 20nm diameter precipitate of FeSi2 in
silicon would require minutes to hours for complete dissolution at moderate temperatures while a
precipitate of the same size of α-Fe2O3 would require days to weeks to fully dissolve.  Therefore,
the identification of Fe oxide in polycrystalline silicon indicates improvement of polysilicon
solar cells is an arduous task and perhaps preventative measures are required.

CONCLUSIONS
In summation, metal impurities were found in polycrystalline silicon used for solar cells.

The distribution of impurities correlated directly with poor performing regions of the material.
These results are the first direct proof that metal impurities significantly affect the performance
of polycrystalline silicon solar cells.  Furthermore, our results indicate that the chemical state of
Fe in this material is Fe oxide rather than the expected Fe silicide.  This is the first indication that
impurity removal from silicon is severely limited by the chemical state of the impurity
precipitate.
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